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Frank Joseph Stillo III: Community Water Systems vs Private Wells: A Comparison of Water Quality on the 
Fringes of Municipalities 
(Under the direction of Dr. Jackie MacDonald Gibson) 
Abstract. 
Over the last 100 years, the installation of community water systems in the United States has led to 
substantial decreases in waterborne diseases, virtually eliminating previously common infectious diseases such 
as typhoid and cholera. However, throughout the American South, some communities were excluded from 
municipal water supply services as a result of racial segregation, and some of the resulting disparities in water 
service persist.  The quality of well water in such excluded communities and the resulting health implications 
are not well understood. We collected water samples from private wells in 57 households selected at random 
from majority African American census blocks in Wake County, North Carolina, that have been historically 
excluded from municipal water supply service, and we compared the microbiological quality of water in these 
households to the quality of water distributed by nearby Wake County Community Water Systems. Each 
household was sampled three times over six months and tested for three types of indicator bacteria: total 
coliforms, Escherichia coli, and Enterococci. In addition, we used a population intervention model to 
characterize the cases of acute gastrointestinal illness emergency department visits that could be avoided if 
community water service were available to all 1,220 people in such excluded communities of Wake County.  
Overall, 29.2% of samples tested positive for total coliform bacteria, compared to 0.566% of samples in the 
adjacent CWSs.  At the household level, 49% tested positive for total coliform bacteria at least once, and 65% 
tested positive for any of the three indicator organisms. The population intervention model estimated that 0.703 
(95% CI:  0.482-0.994) emergency department visits for acute gastrointestinal illness, representing 21% of all 
such visits, could be avoided per month if the entire study population of 1,220 people were connected to the 
community water system. We conclude that private well users have lower water quality than their neighboring 
community water system users, potentially causing undue health effects for consumers.  Extension of 
community water services to these consumers may result in positive health impacts that also provide economic 
growth to the surrounding communities.  
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1. Introduction 
Access to community water supply systems (CWSs) has greatly reduced the incidence of waterborne disease 
over the last 100 years in the United States.1 Nonetheless, some communities lack access to CWSs and the 
health protections these systems provide.  According to the 2010 United States Geological Survey, 86% of the 
U.S. population and 65% of the North Carolina (NC) population are served by public water systems, defined as 
those that are either publicly or privately owned and serve at least 25 people or at least 15 service connections 
year-round.2,3 While most of the NC homes unserved by CWSs are in rural areas where extending municipal 
water lines is difficult due to the large distances between households, evidence suggests that tens of thousands 
of unserved homes are on the fringes of cities in towns in close proximity to municipal water lines, in areas 
known as extraterritorial jurisdictions (ETJs).  ETJ residents are part of municipal planning and subject to the 
municipality’s development regulations but have limited opportunities to influence land use decisions, in part 
because they cannot vote in municipal elections.4 Several studies have documented that some communities in 
ETJs lack basic amenities, such as water and sewer service for residents, despite being adjacent to public 
infrastructure, and that exclusion from these amenities is in part a legacy of Jim Crow-era racial segregation.5–7 
A recent study of ETJ communities in Wake County, NC, found that the odds of exclusion from public water 
systems increased as the African American population increased, indicating possible racial disparities in 
access.6 In a qualitative study of three communities across NC, the common theme influencing access to water 
infrastructure among stakeholders was financing for projects. Due to a lack of water quality data and 
quantitative risk assessment, it was also found that municipal officials involved in decision making to extend 
community water service to the unincorporated communities were largely unaware of the potential health risks 
of lack of CWS service.8 
Water quality for CWS consumers is well established because of monitoring and treatment standards, but 
this is not the case for private well water consumed by ETJ residents who reside on the fringes of CWSs. 
Currently, private wells lack effective monitoring and treatment standards, creating an information gap on water 
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quality for these residents. Poor water quality could lead to elevated health risks, but the magnitude of this risk 
in NC ETJ communities is currently unknown.   
This research has three main objectives: (1) determine the microbiological water quality of private wells in 
predominantly African American census blocks in ETJs of Wake County, NC, using fecal indicator bacteria 
(FIB); (2) compare the quality of water between these wells to that in the nearby City of Raleigh CWS; and (3) 
perform a risk assessment to estimate health risks associated with exclusion from CWS service. The population 
for this study consists of 1,220 residents of Wake County ETJs in census blocks with greater than 50% African 
American population proportion. Studying the microbiology and health risks associated with private wells upon 
which these residents rely can inform future debates about the benefits of extending CWSs to these under-
served areas.  
2. Methods and Materials 
2.1 Source of Community Water System Data 
The major CWS in Wake County, NC is the City of Raleigh public system. This CWS serves 500,000 
people in Raleigh, Garner, Wake Forest, Rolesville, Knightdale, Wendell, and Zebulon areas.9  To complete 
Wake County’s CWS service, infrastructure has been built for the rest of the county’s cities and towns, mobile 
parks, and other communities of 15 households or more. Microbial testing data was procured from Wake 
County Environmental Services Department for all microbial water testing in the Wake County CWS.10 This 
data was used to compare against the private well water system. 
2.2 Population Determination and Participant Recruitment 
 
The population was derived from census blocks in the ETJ of Wake County, North Carolina from mapping 
completed in a study by MacDonald Gibson et al.6  In this study, all residents who lack CWS access and live in 
at least 50% African American by population census blocks were mailed a recruitment letter. All households of 
this population were mailed recruitment letters, 40 households responded to the letters. Using the census block 
addresses, we purchased a phone list from Central Address Systems Inc. An additional 17 households were 
recruited randomly using the RANDBETWEEN function in Microsoft Excel 2013 from the purchased phone 
list.  
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Recruitment letters gave a brief description of the study and offered each participant who completed the 
study a $25 gift card. The completion of the study required participants to answer a short telephone survey and 
allow for three water samples to be collected from their home. (Appendix 1) 
The telephone survey involved a brief project description, reiterated our offer of a $25 gift card upon 
completion of the project, and asked the following questions: (Appendix 2) 
 Are you on a community water system? 
 Are you willing to participate in this study as a volunteer? 
 Do you have a septic tank and do you know the age of that system? 
 What is the approximate age of your well? 
This study was granted exemption status by the Institutional Review Board after all research assistants obtained 
Collaborative Institutional Training Initiative human research curriculum training. Figure 1 shows a map of 
Wake County, NC and the distribution of our participants. 
Figure 1. - Sampling area of residents on private drinking well systems in Wake County, NC 
 
 
Majority African American No CWS are areas that are in the ETJ, in greater than 50% African American census blocks, using 
private wells; Majority White No CWS are areas in the ETJ that are majority white census blocks using private wells; Community 
Water Systems(CWS) are areas that have public water.  
 
4 
 
2.3 Sampling Design 
The revised total coliform rule of the Code of Federal Regulations (40 CFR 141.21) requires monitoring 
of indicator organisms by CWS dependent on the size of the population served.11  In order to compare our 
results directly to the CWS, aseptic sampling procedures were inherited from Wake County Department of 
Environmental Services and were strictly followed.12 Sampling was conducted by research assistants who were 
trained in the sampling and lab safety protocols. The sampling protocol involved the following: Samplers must 
wash their hands and/or wear gloves before each sampling; run the tap water on cold for five minutes prior to 
sampling; keep all objects from touching the rim or inside of the sampling container prior to fill; and store 
samples on ice immediately after sampling. (Appendix 3) 
Quality control for sampling containers was performed by the lab personnel for all containers prior to 
use. Each sampling container was autoclaved prior to use and stored on ice until sampling began. If any 
container was thought to become contaminated, it was discarded and replaced. If the contamination happened 
either during or after the sample was taken, that too was discarded and a new sample taken. After the five 
minute period elapsed and a 500mL grab sample was taken, it was labeled and immediately put in a cooler on 
ice. After all samples were collected for the day, the samples were transported to the laboratory and stored in a 
4°C cooler until testing.  
Testing of each sample was completed 1 to 5 days from the sampling date. Each household was sampled 
three times at 2 to 8 week intervals.   
2.4 Detection of Indicator Species by Colilert 
In the Standard Methods for the Examination of Water and Wastewater, IDEXX systems that conform to 
the current multi-well enzyme substrate method (SM#9223) and Most Probable Number (MPN) index were 
used.13 Our study identified IDEXX Colilert® and Enterolert® in conjunction with the Quanti-Tray®/2000 
enumeration system as most appropriate for our study. We chose these systems for their sensitivity in 
enumerating a large range of microbial contamination, and for quick and accurate results. We also wanted to 
use systems that can easily be taught to lab personnel and replicated with precision.  
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Undiluted samples followed exact testing procedures of the IDEXX systems for MPN enumeration and 
presence/absence (P/A) of the fecal indicator bacteria total coliforms (TC), E. coli, and Enterococci with one 
exception. Colilert® was incubated per instructions, and Enterolert® was incubated at 44.5 ± 0.5°C instead of 
41± 0.5°C in order to be more selective for bacteria normally found in the human gut.14 All other laboratory 
standards were in line with the Environmental Protection Agency (EPA) “Manual for the Certification of 
Laboratories Analyzing Drinking Water.”15  
All results were calculated in MPN/100mL concentrations, and if a positive test could not be 
enumerated, we truncated the mean at MPN 2419.6 (test max) and the upper 95 th percentile at too numerous to 
count (TNTC) to avoid more complicated dilution techniques. Furthermore, we utilized IDEXX MPN generator 
software program version 1.4 to calculate MPN and 95th percentile values.  
2.5 Statistical Analysis 
Statistical analysis and modeling was performed using Microsoft Excel 2013 and Analytica Free 101 
Edition (Release 4.5.3.31, 4 Feb 2014) by Lumina Decision Systems.  To compare the quality of drinking water 
for both public and private water, we standardized the data into percent positive samples for each indicator 
organism. Since publicly available data only shows the P/A of indicator organisms, summary statistics were 
calculated for both public and private data as percentage positive tests. A one tailed T test was used to 
determine if the private water supply differed from the public water supply significantly.  
A causal inference model, developed in previous research by DeFelice et. al., was used to estimate the 
number of acute gastrointestinal illness (AGI) emergency department visits that could be avoided per month if 
the entire population of residents of majority black ETJ census blocks relying on domestic wells were connected 
to the community water system.16 DeFelice et al. developed this causal inference model by fitting a panel 
structure log-Poisson regression model with temporal autocorrelation and a log-person-month offset was fitted 
to six years of monthly county-level health outcome and water quality data across North Carolina.  The final 
model form was  
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ln⁡(Y𝑖,𝑗/𝑁𝑖,𝑗) = 𝛼+ 𝛽1⁡𝐶CWS𝑖,𝑗+ 𝛽2⁡𝐸CWS𝑖,𝑗 ⁡+ 𝛽3⁡𝐶DWS𝑖, ⁡+ 𝛽4⁡𝑃𝑜𝑣𝑖 ⁡+ 𝛽5⁡𝐸𝐷𝑖++𝛽6⁡𝐼𝑖 + (∑ 𝛽𝑙
9
𝑙=7 R𝑙)+
(∑ 𝛽𝑚
20
𝑚=10 t𝑚) + μ𝑗           (Equation 1) 
where Yi,j is the number of AGI ED visits in county i during month j, Ni,j is the county population, α is a 
constant, CCWS,i,j is the population proportion exposed to a monthly MCL violation during month j (determined 
by assuming all customers of a CWSs with monthly MCL violations were exposed), ECWSi,j is the population 
proportion exposed to an acute MCL violation, CDWS,i is the population proportion potentially exposed to 
coliform bacteria in private wells (determined by multiplying the fraction of private wells testing positive by the 
proportion of the county population served by private wells), Pov ,i is the proportion of the population in poverty, 
EDi is a binary indicator of whether or not the county has an emergency department, Ii is a binary indicator of 
whether the county health uninsurance rate exceeds the median rate for North Carolina (16%), Ri indicates the 
region of the state where the county is located (Coastal Plain, Piedmont and Mountain), and tj,m  is an indicator of 
month (with January serving as the reference month), and uj  is a first-order autoregressive error term.,. 
To estimate the avoided AGI cases if all unserved 1,220 residents were connected to CWSs, Equation 1 
was first applied under current conditions and then assuming a counterfactual scenario in which all residents are 
connected to CWS, and the difference was computed.  Under current conditions, since there are no CWS users, 
CCWS and ECWS are both zero.  Under the counterfactual scenario, CDWS is zero, since the residents no longer rely 
on domestic wells. Hence, the fraction of AGI cases that could be prevented (the attributable fraction, AF) can 
be estimated from: 
𝐴𝐹 = 1−
exp(ln(
Y𝑖,𝑗,𝑐𝑜𝑢𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑡𝑢𝑎𝑙
𝑁𝑖
))
exp(ln(
Y𝑖,𝑗
𝑁𝑖
))
= 1 −
exp(𝛽1⁡𝐶CWS𝑖,𝑗+𝛽2⁡𝐸CWS𝑖,𝑗
)
exp⁡(𝛽3⁡𝐶DWS𝑖,
)
   (Equation 2) 
where the numerator represents the counterfactual scenario of equation 1 when the entire population is exposed 
to community water systems only, the denominator is the current conditions scenario of equation 1 when the 
entire population is exposed to private well systems.  Estimates of CCWS and ECWS for the years 2006-2013 were 
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obtained from the NC Department of Environment and Natural Resources as compiled by DeFelice et al.(Table 
1).  10,16 CDWS was estimated from the percentage of wells testing positive for coliform bacteria in this study. 
Finally, to determine the avoided cases per month of ED visits for AGI if the counterfactual scenario 
were true, we used equation 3: 
Avoided Cases= AF* (R*P)              (Equation 3) 
 where R is the annual rate of ED visits for AGI in Wake County represented from data collected between 
1/2007 and 10/2013,10 and P is the population of residents who live in the Wake County ETJ and are in majority 
African American census blocks in 2012.6 Table 1 shows the model inputs and parameters used in the 
calculation. 
Table 1. Model Inputs and Parameters 
Parameter Description 
Modeling Method 
(μ,σ) 
Reference 
β1 
Fraction of the Population 
exposed to monthly MCL 
Violations 
Normal (0.006661, 0.0017) Defelice et al. 2015 
β2 
Fraction of the Population 
exposed to acute MCL 
Violations 
Normal (0.05984, 0.004) DeFelice et al. 2015 
β3 
Private well population exposed 
to total coliforms in Wake 
County, North Carolina, (Per 
cent persons) 
Normal (0.7966,0.0396) DeFelice et al. 2015 
Cdws 
Percent of study population 
exposed to total coliform 
bacteria, (Per cent of persons)  
29.24% Author's Sample Population 
CCW S 
Proportion of time in which 
population is exposed to 
violations of the monthly 
maximum contaminant level for 
total coliform bacteria in CWSs  
0.092 DeFelice, personal communication 
ECW S 
Proportion of time in which 
population is exposed to 
violations of the acute 
maximum contaminant level for 
E. coli in CWSs 
0.0071 DeFelice, personal communication 
 R 
Rate of ED Visits for AGI in 
Wake County, NC, (Rate of 
visits) 
LN (2.51E-03,5.16E-04) NCDENR 
P Population, (Persons) 1,220 MacDonald Gibson et al. 2014 
 *LN=lognormal; μ=mean; σ=standard deviation; North Carolina Department of Environment and Natural Resources (NCDENR)  
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3. Results 
3.1 Fecal Indicator Bacteria Presence/Absence Testing 
Total coliform, Escherichia coli, and Enterococci indicator bacteria were tested for P/A and enumerated 
for concentration during this study. P/A testing data derived from tap water sampled from each of the 57 
households at three separate time intervals over a period of six months. At the household level, 49% tested 
positive for TC at least once and 65% tested positive for any of the three indicator organisms. Figure 2 shows a 
comparison across indicator organisms at the household level. 
 
Figure 2. – Household level comparison between indicator organisms sampled from Wake Co., NC 
 
Tables 2a and 2b compare water quality between the private well water sampled in this study and the 
adjacent community water systems in Wake County. Of the 171 samples drawn from households with private 
wells, 50 (29.2%) were positive for total coliform. The results of tests for indicator organisms other than TC are 
not directly comparable, because we tested all private well samples for each indicator, whereas CWS testing 
procedures follow the EPA’s Total Coliform Rule, under which only TC positive samples are tested for E.coli.11 
Nonetheless, the magnitude of the difference between the private wells and the neighboring CWS when 
0
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considering all indicators is worth noting:  32.2% of private well samples tested positive for any indicator 
organism compared to 0.567% of CWS samples.  
Table 2a. - Percent positive samples per month for private wells sampled in 
this study (2014) 
  
Total Coliform E.coli Enterococci Any Indicator 
July (n=14) 35.7% 7.1%  7.1%  35.7% 
August (n=30) 13.3%  0.0%  3.3% 16.7% 
September (n=32) 28.1%  0.0%  31.3% 31.3% 
October (n=26) 46.2%  3.0%  15.4% 53.8% 
November (n=16) 12.5%  0.0%  6.3% 18.8% 
December (n=53) 34.0%  13.2%  3.8% 34.0% 
Total (n=171) 29.2% 6.43% 11.1% 32.2% 
IDEXX Colilert and Enterolert testing systems were used to find indicator organisms of private well water samples taken from 57 houses (each 
sampled 3 times)  in Wake County, NC; n is the number of samples 
Table 2b. - Percent positive samples per month for public water supply in 
Wake County, NC (2006-2013)  
 
Total Coliform E.coli *Any Indicator 
July (n=5772) 0.988% 0.017% 1.005% 
August (n=5770) 0.711% 0.017% 0.728% 
September (n=5934) 0.556% 0.000% 0.556% 
October (n=6048) 0.562% 0.000% 0.562% 
November (n=5905) 0.305% 0.017% 0.356% 
December (n=5851) 0.222% 0.000% 0.222% 
July-December (n=35280) 0.556% 0.009% 0.567% 
*Any Indicator is all indicators tested. Note that no further testing is completed if sample is negative for total coliform. Data retrieved from 
North Carolina Department of Environment and Natural Resources Public Water Supply Section. March 12, 2014,  contact via email.
10
  
 
Acute maximum contaminant level (MCL) violations are when an EPA regulated contaminant exceeds its 
MCL. For TC, a monthly MCL violation occurs if more than 5% of samples test positive in any given month. 
Our sampling would have incurred a monthly MCL violation for all months tested if one considers the study 
households as representing the equivalent of a water system. For E. coli, the MCL is 0.0 MPN/100mL in any 
sample per month, therefore any detection of E. coli violates the acute MCL.11  
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3.2 Fecal Indicator Bacteria Concentrations 
Most probable number concentrations for TC ranged from 0 to 2,419 MPN/100mL, E.coli from 0 to 150 
MPN/100mL, and Enterococci from 0 to 71.7 MPN/100mL. Figures 3a, 3b, and 3c show box and whisker plots 
of concentrations (MPN/100mL) and Table 3 shows summary statistics for all positive samples from private 
wells in our study population. Two samples in October exceeded the detection limit of the Colilert®/Quanti tray 
2000 enumeration system for total coliforms. 
 
Figure 3a. – Concentration of total coliform from private wells in Wake County, NC 
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Figure 3b. – Concentration of E. coli from private wells in Wake County, NC 
 
 
 
Figure 3c. – Concentration of Enterococcus from private wells in Wake County, NC 
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Table 3. - Summary statistics for Within Positive samples of private well water in Wake County, NC 
Month 
  
Total Coliform (MPN) E.coli (MPN) Enterococci (MPN) 
GeoMean 
(GeoSD) 
Max 
MPN 
GeoMean 
(GeoSD) 
Max 
MPN 
GeoMean 
(GeoSD) 
Max 
MPN 
July 12.7 (7.6) 185.0 1.0 (*) 1.0 12.1 (*) 12.1 
August 2.3 (2.8) 8.6 0.0 (**) 0.0 1.0 (*) 1.0 
September 3.8 (3.8) 18.5 0.0 (**) 0.0 1.0 (1.0) 1.0 
October 29.9 (13.6) 2419.6 8.4 (12.1) 150.0 1.9 (2.4) 6.3 
November 23.0 (2.4) 43.2 0.0 (**) 0.0 2.0 (*) 2.0 
December 12.3 (7.2) 866.4 3.3 (2.6) 14.2 14.9 (9.2) 71.7 
Jul-Dec 11.0 (7.9) 2419.6 3.8 (4.5) 150.0 1.8 (3.0) 71.7 
Most probable Number (MPN) is the number of colonies per 100 mL. Testing was completed using IDEXX Colilert and 
Enterolert systems. Max MPN is the maximum concentration over all positive samples for that month. 
*Only one sample tested positive during July for E.coli**Indicates no samples tested positive in that month. 
 
The World Health Organization classifies E.coli concentrations in drinking water into three categories of 
risk: Intermediate risk (1-10 MPN/100mL); high risk (11-100 MPN/100mL); and very high risk (>100 
MPN/100mL).17  Individual sample results for E. coli found 9 samples were of intermediate risk, 1 sample was 
high risk, and 1 sample was very high risk. Figure 4 shows a histogram of E. coli concentrations (MPN/10mL) 
organized following the WHO classifications. 
 
Figure 4. - WHO risk classification of E. coli concentrations of positive samples in Wake County, NC 
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3.3 Well and Septic age  
Well and septic system age (figures 4a and 4b) was given by most residents. In total, 44 residents 
responded with well age and 47 residents responded with septic tank age. The median (mean) age of wells and 
septic systems was 30.5 (32.0) years and 20 (25.7) years respectively.   
 
Figure 5a. - Well Age for Private Wells in Wake Co., NC 
14 
 
 
Figure 5b. - Septic Tank Age for Private Wells in Wake Co., NC 
 
3.4 Causal inference model 
The causal inference model estimated that 0.703 cases per month (95% CI: 0.482-0.994) of ED visits for 
acute gastrointestinal illness could be avoided if CWS service were extended to the entire study population of 
1,220 (Figure 4). These potentially avoidable cases represent 21% (95% CI:  19-23%) of all ED visits for AGI 
expected to occur among members of this population.  
 4. Discussion 
4.1 Disparity in water quality 
This study found that drinking water from private wells in the majority African American census blocks 
of ETJs of Wake County, NC is of lower microbial quality than the adjacent community water systems.  Fewer 
than 1% of samples from the Wake County CWSs tested positive for TC bacteria in any month, compared to an 
average of 29.2% positive for samples in the households included in this study.10  In comparison, testing data 
from the neighboring Wake County CWS shows a significant (p<0.0002) difference in presence of TC with 
0.556% positive in 35,200 tests from 2006-2013.10 Corresponding household data found that 37 (64.9%) 
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households tested positive for at least one of the three indicator organisms for our study, which suggests that 
management of microbial contamination for private wells is not being accomplished by the households tested. 
The high percentage of households that tested positive for fecal indicator bacteria indicates that these residents 
are potentially ingesting more pathogens than those served by the CWS.  
Our findings are similar to those of other recent studies of private well water quality in North America.  
Testing results for the P/A of total coliforms from our study found a lower prevalence than the most recent 
national study of domestic wells from the 2006 U.S. Geological Survey Report, which found 33% of wells 
tested positive for TC.18 A study of private wells in Virginia by Pieper et. al. found 46% of samples tested 
positive for TC.19 Additionally, a study of rural households relying on private wells in Ontario, Canada, found 
that water from more than one-third of households tested positive for coliform bacteria.20 
When samples are separated by month from the date sampled, this study found the equivalent of 11 
acute MCL violations for E.coli among private wells in our study population or 6.43% of all samples.  This is 
lower than the national percentage found by the 2006 U.S. Geological Survey Report (7.8%) and results found 
in Virginia by Pieper et. al. (10%).18,19  
Previous studies have found that microbiological contamination of well water increases with the spatial 
density of septic systems.21,22   In our study, all of the homes relied on private single family septic systems.  The 
density of septic systems in these communities thus could contribute to the observed high frequency of 
occurrence of fecal indicator organisms in the well water.  
4.2 Disparity in monitoring and treatment 
North Carolina residents rely on self-supplied domestic water 21% more than the national average. Only 
two states and the US Virgin Islands have more reliance on private water supplies.2  Effective in 2008, the North 
Carolina legislature enacted new private well regulations, requiring testing of all new wells constructed after 
July of that year.  However, this regulation had no impact on older, established wells, nor does it require 
continuous monitoring of new wells.23 Local governments provide consumers with a means to test their private 
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wells using the fee schedule from their local Department of Health and Human Services.24 Wake County also 
provides software called iMAPS which has collected data for wells installed since 1998 and those assessed by 
Environmental Services.25 Our study found a median well age of 30.5 years old, which suggests most wells are 
lacking any regulation or data collection (Figure 3a). According to the 2003 Wake County Comprehensive 
Groundwater Assessment Final Report, among the recommendations was the creation of a well water quality 
database for the estimated 37,000 private wells in the county.26 Currently, this has yet to be accomplished due to 
lack of data, especially from older wells.  
Lack of water quality data has been cited in numerous papers over the last 30 years.1,5,8,27,28 Data is 
especially sparse for wells prior to 1998, leaving well water quality to be inadequately measured to date. This is 
the first study to measure water quality for residents adjacent to the CWS that rely on private well systems. Due 
to the very limited state regulations on private wells (requiring an initial test of new wells but no subsequent 
monitoring and no testing of existing wells), citizens lacking training in well management are left to manage 
their water quality.  Our study results suggests that this approach has left such communities at much greater risk 
of exposure to microbial contaminants in their drinking water than neighboring communities connected to the 
CWS.  
4.3 Causal inference model 
The United States EPA has traditionally used risk assessment to set standards for drinking water quality 
defining acceptable risk as infections avoided.29 Our study estimated that 0.703 emergency department (ED) 
visits (21% of all such visits) per month among the 1,220 residents of majority African American census blocks 
of Wake County ETJs could be eliminated by extending municipal water supplies to these communities.  These 
results are similar to recent findings in a study in Wisconsin of AGI risks in communities served by untreated 
groundwater.  That study estimated that 6-22% of AGI cases in the community were attributable to waterborne 
viruses.30 
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4.4 Limitations 
 This study was limited in the number of samples taken.  All told, the sampled households represented, 
6% of the homes in the majority African American census blocks in Wake County ETJs. Random recruitment 
of study participants helped to decrease the effects of this limitation and enables the generalization of the 
sample results from the studied homes to the rest of the population.  
The causal inference model demonstrates statistical association, but does not prove causation. To 
establish with certainty the magnitude of risks associated with private well contamination, information on 
pathogen concentrations in the well water and health outcome data specific to each member of the population of 
interest would be needed. Instead, the causal inference model predicts AGI risks on the basis of a previous state-
wide study associating county-level emerging department visits with microbiological water quality in the 
county’s community water systems and private wells. Measurement of pathogens and collection of household-
level health data was beyond the scope of the present study.  Nonetheless, previous research comparing methods 
for quantifying health risks associated with microbial contaminants in drinking water on the basis of microbial 
indicator organism concentrations found that the causal inference model had the highest internal validity among 
the available approaches.16 
4.5 Research Implications 
Previous studies suggest that the primary factor influencing decisions about public infrastructure is 
financing the extension of service to additional communities.8 Unincorporated communities have struggled to 
obtain financial backing for infrastructure due to local priorities, limited grant funding, and challenges in data 
collection that elucidates health impacts.5,8 Naman et al. also found that health risks were the least influential 
theme in deciding to extend infrastructure.8 Educating decision makers about the complete costs of lacking 
infrastructure from increased healthcare costs due to an increase of ED visits may open new opportunities for 
funding water service extensions to these communities.   
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5. Conclusion 
This comparison study presents a first glimpse at the water quality of disenfranchised communities on 
the fringes of municipalities who rely on private wells for drinking water despite their close proximity to a 
CWS. The private well water consumed in these communities showed poorer microbial quality than the water 
provided by the neighboring CWS. Water quality problems could result from a lack of monitoring and upkeep 
of wells and septic systems in these communities, tasks that may be difficult for individual households to afford. 
Beyond the potential economic burden of maintaining private wells and septic systems, this research shows that 
these communities face health risks due to microbial contamination of their well water—risks that also impose 
costs on the affected households. This research demonstrates the need for further identification of communities 
in ETJs that are at risk of exposure to contaminated drinking water and for the development of programs to 
extend water services to these under-served areas.  
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Appendix 1: Recruitment Mailer Script 
 
 
 
Date 
 
Addressee Information Here: 
Name 
Address 
Address 
 
I am writing to ask your help in a study of drinking water quality in North Carolina. All participants will receive a 
$25 Visa gift card upon completion of the study.   
The study objective is to compare tap water quality in homes served by private wells with that in homes served 
by public water utilities.  In order to accomplish this objective, we will collect and analyze three tap water samples in 130 
randomly selected homes in Wake County that obtain water from private wells.  The results will inform future water 
resources planning and public health protection programs.     
It is my understanding that you own residential propertie(s) in Wake County and do not currently have a public 
water supply for those houses.  Students from the University of North Carolina Gillings School of Global Public Health 
will be contacting you by phone in a few days to offer you a brief survey regarding your water supply  and to ask for your 
participation in the water sampling study.  In addition to receiving the $25 Visa gift card, your water will be tested free 
of charge.  You will receive the water quality analysis results, but nobody else outside of the research team will have 
access to your information. 
We will be contacting you by phone in a few days to offer you a brief survey regarding your water supply  and to 
ask for your participation in the water sampling. If you have any questions on how to participate or comments about this 
study, please contact us at 704.608.4240. This study is completely voluntary. However, this research can be beneficial 
for the public health of your community.  
 
 
 Sincerely, 
 
 
 Jacqueline MacDonald Gibson, Ph.D. 
 Associate Professor 
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Appendix 2: Telephone Recruitment/ Survey Script 
 
 
 
Hello Sir or Ma’am, 
 
The University of North Carolina is conducting a study on the water quality of non-municipal water sources in Wake 
County. Your household has been randomly selected to participate in this study. Participation requires collecting tap water 
from your home on 3 separate occasions over the course of 3 months. UNC students helping with water research will 
collect the samples. The water will then be tested for any possible bacterial contamination. If you choose to participate, 
you will be compensated with a $25 gift card at the end of the study. Results of the study will be kept private, and your 
personal information will not be associated with the results in the published study.  We will provide testing results to the 
home owner at the end of the study.  
 
1) Are you on a public municipal water system? 
-If Yes, “I’m sorry, but you are not qualified for this study, we appreciate your time.” 
2) If No, are you willing to participate in this study? 
3) Do you have a septic tank? Y/N If yes, what is the approximate age of the septic system? 
4) What is the approximate age of your well? 
5) When is it convenient for you (date and time) to have us collect your first water sample?  
(Within two weeks of phone survey) 
 
 
Thank you so much for your time.  
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Appendix 3: Sampling Protocol and Chain of Custody 
Sampling Protocol: 
1. Wash hands prior to sampling. 
2. Turn on kitchen faucet and flush for five minutes. 
3. Remove lid of sample container with one hand. While holding lid with one hand, fill the container with 
other hand.  
Note: Do not rinse prior to sampling. Be careful not to touch sides or inside lid of bottle to anything to 
prevent the sample from being contaminated. 
4. Fill sample container with more than 125 mL of sample. Do not overfill container. 
5. Immediately replace lid tightly. 
6. Take 2-3 samples per household. 
7. If there is any question as to whether or not a sample has become contaminated, discard and collect new 
sample using a new container.  
8. Immediately label container with the following identification information: 
a. Date (XX/XX/XXXX) 
b. Time (XX:XX) 
c. Sample ID Number (Random numbers provided by PI) 
d. Initials of sampler 
9. Fill out Field Data Record with the following information: 
a. Date (XX/XX/XXXX) 
b. Time (XX:XX) 
c. Sample ID Number 
d. Initials of sampler 
10. Place container in cooler with ice for transportation back to laboratory.  
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11. Fill out Chain of Custody. 
12. Immediately place containers in 4*C cooler in lab upon returning from sampling on the same date 
sampling occurs. 
13. Transferee will sign Chain of Custody prior to sampling. 
14. Test samples within one week of sample date. 
Chain of Custody Procedure: 
1. The sample collector must fill out the chain of custody log with the following information: 
a. Date 
b. Time 
c. Sample ID Number 
d. Address 
e. Number of Containers and analyses required 
f. Signature 
2. Second individual present at the collection site must also sign. 
3. When turning over the sample collection, the transferor must sign, date and note the time of transfer. 
4. The transferee must sign, date, and note the time upon acquisition of sample.  
5. If multiple samples are received, the transferee and transferor must both initial next to each sample in 
addition to their signature to acknowledge the transfer of each individual sample.  
 
*Note: Transferee will be the person who tests the sample. 
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Appendix 4: Sampling Data 
*(95th percentiles) 
1st Sample Total Coli. MPN Ecoli MPN Entero MPN Sample Date Septic tank 
Age 
Well Age  
(yrs) 
1 9.7(4.5-17.2) 0 12.1(6.5-21.1) 07/26/14 34 34 
2 0 0 0 07/26/14 10 NA 
3 0 0 0 07/26/14 16 16 
4 1.0(0.0-3.7) 0 0 07/26/14 2 30 
5 0 0 0 07/26/14 NA NA 
6 44.1(30.6-62.5) 1.0(0.1-5.5) 0 07/26/14 66 66 
7 0 0 0 08/06/14 43 43 
8 0 0 0 08/21/14 2 38 
9 0 0 0 08/21/14 NA NA 
10 1.0(0.1-5.5) 0 0 08/07/14 23 23 
11 0 0 0 08/22/14 30 30 
12 0 0 0 08/06/14 54 54 
13 0 0 0 08/06/14 NA NA 
14 0 0 0 08/22/14 14 14 
15 0 0 0 08/07/14 33 33 
16 0 0 0 08/07/14 20 20 
17 0 0 0 08/21/14 16 30 
18 0 0 0 08/06/14 43 43 
19 0 0 0 08/22/14 20 20 
20 3.0(0.7-7.4) 0 0 08/21/14 20 20 
21 0 0 0 08/21/14 32 32 
22 0 0 0 08/07/14 24 36 
23 0 0 0 08/07/14 6 38 
24 0 0 0 08/07/14 14 15 
25 1.0(0.1-5.5) 0 0 08/07/14 1 49 
26 0 0 0 08/21/14 15 15 
27 0 0 0 08/06/14 16 NA 
28 0 0 1.0(0.1-5.5) 08/22/14 54 54 
29 0 0 0 09/18/14 55 55 
30 35.5(23.9-51.0) 0 0 10/18/14 54 54 
31 0 0 0 08/21/14 NA NA 
32 0 0 0 08/07/14 28 28 
33 0 0 0 08/21/14 5 50 
34 0 0 0 09/18/14 24 24 
35 0 0 0 10/03/14 NA NA 
36 8.6(4.5-16.9) 0 0 08/22/14 10 NA 
37 0 0 0 08/22/14 NA NA 
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38 0 0 0 11/06/14 NA NA 
39 0 0 0 08/22/14 NA NA 
40 0 0 0 08/22/14 NA NA 
41 0 0 0 08/22/14 31 31 
42 0 0 0 09/18/14 33 33 
43 65.7(45.5-90.3) 0 0 10/03/14 53 53 
44 387.3(245.9-567) 0 0 10/03/14 20 20 
45 0 0 0 10/03/14 8 8 
46 0 0 0 10/03/14 50 50 
47 1.0(0.0-3.7) 0 0 10/25/14 NA NA 
48 0 0 2.0(0.3-5.6) 10/25/14 5 5 
49 35.5(23.9-51.0) 0 0 10/25/14 52 52 
50 0 0 0 07/26/14 13 13 
51 0 0 0 07/26/14 13 13 
52 4.1(1.7-9.5) 0 0 07/26/14 30 50 
53 0 0 0 07/26/14 15 15 
54 0 0 0 07/26/14 7 7 
55 
185.0(131.9-
256.3) 
0 0 07/26/14 29 29 
56 0 0 0 07/26/14 50 50 
57 0 0 0 07/26/14 14 14 
 
2nd Sample Total Coli. MPN Ecoli MPN Entero MPN Sample 
Date 
1 4.1(1.2-9.1) 0 1.0(0.0-3.7) 09/19/14 
2 0 0 0 10/10/14 
3 0 0 0 09/19/14 
4 6.3(2.9-13.7) 0 0 10/25/14 
5 2.0(0.3-7.1) 0 0 10/10/14 
6 4.1(1.2-9.1) 2.0(0.3-7.1) 0 10/10/14 
7 1.0(0.1-5.5) 0 0 09/18/14 
8 0 0 0 10/03/14 
9 0 0 0 10/03/14 
10 1.0(0.1-5.5) 0 1.0(0.0-3.7) 09/19/14 
11 7.5(3.6-14.9) 0 1.0(0.0-3.7) 09/27/14 
12 0 0 0 09/18/14 
13 0 0 1.0(0.0-3.7) 10/18/14 
14 0 0 1.0(0.0-3.7) 09/27/14 
15 0 0 0 09/19/14 
16 0 0 0 09/19/14 
17 0 0 0 10/03/14 
18 0 0 1.0(0.0-3.7) 09/18/14 
19 0 0 1.0(0.0-3.7) 09/27/14 
20 18.5(11.0-29.2) 0 0 09/18/14 
25 
 
21 0 0 0 10/03/14 
22 0 0 0 09/19/14 
23 0 0 0 09/19/14 
24 1.0(0.1-5.5) 0 0 09/19/14 
25 0 0 0 12/06/14 
26 0 0 0 10/03/14 
27 0 0 0 10/18/14 
28 1.0(0.1-5.5) 0 0 09/19/14 
29 0 0 0 11/06/14 
30 1.0(0.1-5.5) 0 0 12/06/14 
31 0 0 1.0(0-3.7) 09/18/14 
32 0 0 0 09/19/14 
33 15.5(8.6-25.1) 0 0 09/18/14 
34 0 0 0 10/18/14 
35 0 0 0 11/26/14 
36 
2420(1439.5-
TNTC) 
150.0(104.0-
211.8) 6.3(2.9-13.7) 10/18/14 
37 0 0 0 09/19/14 
38 0 0 0 09/19/14 
39 0 0 1.0(0-3.7) 09/19/14 
40 0 0 1.0(0-3.7) 09/27/14 
41 0 0 0 09/19/14 
42 0 0 0 11/06/14 
43 6.3 (2.9-13.7) 0 0 12/06/14 
44 
686.7 (449.3-
974.4) 3.0(0.6-7.3) 
71.7(51.1-
97.5) 12/06/14 
45 0 0 0 11/26/14 
46 0 0 0 11/26/14 
47 0 0 0 12/06/14 
48 0 0 0 12/06/14 
49 0 0 0 12/06/14 
50 0 0 0 09/27/14 
51 0 0 0 10/25/14 
52 6.3(2.5-12.7) 0 0 10/25/14 
53 0 0 1.0(0-3.7) 09/27/14 
54 17.5(10.1-28.6) 0 0 09/27/14 
55 8.5(3.9-15.6) 0 0 10/25/14 
56 0 0 0 09/27/14 
57 0 0 0 09/27/14 
     
3rd Sample Total Coli. MPN Ecoli MPN Entero MPN Sample 
Date 
1 7.5(3.6-14.9) 0 0 12/06/14 
2 0 0 0 12/06/14 
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3 0 0 0 12/06/14 
4 0 0 0 12/05/14 
5 0 0 0 12/17/14 
6 0 0 0 12/17/14 
7 0 0 0 11/06/14 
8 12.2(6.8-21.4) 0 0 11/26/14 
9 0 0 2.0(0.3-7.1) 11/26/14 
10 0 0 0 12/06/14 
11 42.8(29.7-60.1) 4.1(1.2-9.1) 0 12/17/14 
12 0 0 0 12/05/14 
13 0 0 0 12/05/14 
14 0 0 0 12/05/14 
15 2.0(0.3-7.1) 0 0 12/06/14 
16 0 0 0 12/06/14 
17 0 0 0 11/26/14 
18 0 0 0 11/06/14 
19 0 0 0 12/05/14 
20 0 0 0 11/06/14 
21 0 0 0 11/26/14 
22 0 0 0 12/06/14 
23 0 0 0 12/06/14 
24 1.0(0.1-5.5) 0 0 12/06/14 
25 0 0 0 12/17/14 
26 0 0 0 11/26/14 
27 9.7(4.5-17.2) 0 0 12/05/14 
28 0 0 0 12/06/14 
29 0 0 0 12/05/14 
30 3.1 (0.7-8.9) 0 0 12/17/14 
31 0 0 0 11/06/14 
32 0 0 0 12/06/14 
33 43.2(29.1-61.4) 0 0 11/06/14 
34 0 0 0 12/05/14 
35 0 0 0 12/05/14 
36 2419.6 (1439.5+) 2.0(0.3-5.6) 1.0(0.0-3.7) 10/25/14 
37 0 0 0 12/06/14 
38 19.8(12.6-30.4) 4.0(1.1-8.9) 0 12/17/14 
39 0 0 0 12/06/14 
40 65.2(47.7-85.3) 6.1(2.3-12.1) 0 12/17/14 
41 0 0 0 12/06/14 
42 0 0 0 12/05/14 
43 16.0(9.5-25.1) 1.0(0.0-3.7) 0 12/17/14 
44 
866.4(583.8-
1245.4) 
1.0(0.1-5.5) 3.1(0.7-8.9) 
12/17/14 
45 1.0(0.1-5.5) 0 0 12/17/14 
27 
 
46 26.9(17.1-39.8) 14.2(7.6-23.4) 0 12/17/14 
47 4.1(1.7-9.5) 0 0 12/17/14 
48 0 0 0 12/17/14 
49 0 0 0 12/17/14 
50 0 0 0 12/05/14 
51 0 0 0 12/05/14 
52 7.5(3.6-14.9) 0 0 12/05/14 
53 0 0 0 12/05/14 
54 0 0 0 12/05/14 
55 31.5(20.6-45.7) 0 0 12/17/14 
56 0 0 0 12/05/14 
57 0 0 0 12/05/14 
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